We demonstrate that panel unit root tests can have high power when a small fraction of the series is stationary and may lack power when a large fraction is stationary. The acceptance or rejection of the null is thus not sufficient evidence to conclude that all series have a unit root or that all are stationary.
Introduction
The Augmented Dickey-Fuller (ADF) test for stationarity has been extended to panel tests for stationarity under models with various degrees of heterogeneity by, for example, Levin and Lin (1992) and Im, Pesaran and Shin (1997) (IPS) . One main motivation for the development and application of panel unit root tests is that the power of the tests increases with an increase in the number of panel series compared to the well-known low power of the standard ADF unit root test against near unit root alternatives. The proposed panel tests have found use in various studies, mainly focusing on tests of purchasing power parity; see, for example, MacDonald (1996) , Oh (1996) , Wu (1996) , Coakley and Fuertes (1997) and Papell (1997) . Other studies include Culver and Papell (1997) , who apply panel unit root tests to the inflation rate, Song and Wu (1998) , who investigate hysteresis in unemployment, and McCoskey and Selden (1998) , who test for units roots in health care expenditure and GDP.
The null hypothesis in all panel unit root tests is that each series in the panel contains a unit root, and thus is difference stationary. The alternative hypothesis is somewhat more ambiguously specified.
In the earlier approaches by Quah (1994) and Levin and Lin (1992) (LL) the alternative is that all individual series in the panel are stationary. In IPS, the alternative is that at least one of the individual series in the panel is stationary. IPS show that the proposed LM-bar test is consistent if the limiting fraction of stationary series is non-zero as N →`. However, they do not investigate the small-sample power of the tests when only a fraction of the series is stationary. It is also reasonable to expect the LL tests to have some power against alternatives where a fraction of the series is stationary.
The presence or absence of power against alternatives where a subset of the series is stationary has serious implications for empirical work. If the tests have high power, a rejection of the unit root null can be driven by a few stationary series and the whole panel may erroneously be modelled as stationary. If, on the other hand, the tests have low power it may erroneously be concluded that the panel contains a common unit root even if a majority of the series is stationary.
To shed some light on these issues we investigate the small-sample power properties of the LL and IPS panel unit root tests by Monte Carlo simulations. Specifically, the power of the tests is investigated under data generating processes where the fraction of stationary series in the panel is varied in the interval 0-100% (0% gives the size of the test, whereas a fraction strictly greater than 0% gives the power of the test).
The panel tests

The Levin and Lin tests
The LL model only allows for heterogeneity in the intercept and is given by 
Corresponding to the maintained hypothesis of common dynamics the null hypothesis and alternative hypothesis are given by
The fixed-effect model (1) is easily estimated using the within estimator or the LSDV estimator and the LL test statistic is based on the usual t-statistic: asymptotically, but in finite samples they will differ.
The Im, Pesaran and Shin model
The heterogeneous panel data model of IPS is given by
The maintained hypothesis of common dynamics is relaxed and the relevant hypotheses are
Due to the heterogeneity each equation is estimated separately by OLS and the test statistics are obtained as (studentized) averages of the test statistics for each equation.
The t-bar statistic
The IPS t-bar statistic is simply defined as the average of the individual Dickey-Fuller t statistics: 
The means E(t ub 5 0) and variances Var(t ub 5 0) are obtained from Monte Carlo simulations. IPS
conjecture that the standardized t-bar statistic G converges weakly to a standard normal distribution as t N and T →`.
The LM-bar statistic
The individual unit root LM statistic LM for testing the hypothesis that b 5 0 for series i is defined i i as 9 TDy P Dy 9 9 9 9 where M 5 I 2 Q (Q Q ) Q , P 5 M y ( y M y ) y M, Q 5 (i,t,Dy , . . . ,Dy ), i
is a vector of ones, t is the time trend, Dy 5 (Dy ,Dy , . . . ,Dy )9 and y 5 ( y ,y , . . . ,y )9.
] N Again, IPS propose to base the test on the standardized cross-section average For the sake of brevity, we only present results for r 5 0.9 and a subset of sample sizes. As seen from the results in Fig. 1 the power of the panel tests for panels with small time-series dimension (T 5 10) is fairly low, even as the number of series N in the panel increases. For panels with all series stationary, the power is about 0.10 for N 5 10 and about 0.20-0.48 for N 5 100, and the power is even lower when only a fraction of the series is stationary. On the other hand, given the cross-sectional dimension N, the power increases dramatically for all tests as the time-series dimension increases. For instance, for N 5 10, the power increases from about 0.10-0.18 to unity as T 1 This is, with the exception that we allow r to take different values, the same experimental design used for the no serial i correlation case in Im et al. (1997) , Table 5 . Note that this implies that the LL model (1) is misspecified in the sense that the errors are heteroscedastic.
2 Based on this number of replicates, 95% confidence intervals of the simulated size and power of the tests have a From the results it appears that the IPS tests outperform the LL tests for large-T panels (with T $ 100). It also appears that the larger the cross-section, the larger is the power advantage of the IPS tests. For small-T panels, the LL tests exhibit size distortions. For T 5 10, N 5 10, the LL test is correct size and is the most powerful test. Taken together, our main findings are that the power increases monotonically with: (1) an increased number N of series in the panel; (2) an increased time-series dimension T in each individual series; and (3) an increased proportion d of stationary series in the panel. Furthermore, as expected, the results indicate that, for a given proportion d of stationary series in the panel, the power increase due to an increase in the time-series dimension is larger than the corresponding increase in N. The s undisplayed results for AR parameters r smaller than 0.9 for the stationary series show that a larger deviation from a unit root for the stationary series increases the power of the test.
To conclude, the results imply the following two major implications for applied work. For large-T panels, there is a potential risk that the whole panel may erroneously be modelled as stationary. This is due to the high power of the panel tests for small proportions of stationary series in the panel. For small-T panels, on the other hand, there is a potential risk that the whole panel may be erroneously modelled as non-stationary, due to the relatively low power of the tests even for large proportions of stationary series in the panel. In other words, researchers should be cautious and not impose stationary or non-stationary homogeneity properties of the panel cross-sections based solely on panel unit root test results. Instead, a careful joint analysis of both the individual and the panel unit root test results is called for to fully assess the stationarity properties of the panel data.
